relevant for human gonadal development are covered, in particular in connection with early germ cell maturation and spermatogenesis. Consequences of maldevelopment caused by, e.g. cryptorchidism, are discussed.
Introduction
In humans, the important first steps of sexual differentiation occur during the initial 7 weeks of embryonic development and appear as several successive events starting with establishment of the genetic sex, development of the gonadal ridge and immigration of primordial germ cells followed by a sexually dimorphic differentiation of the gonadal anlagen into either testes or ovaries. Until this point of time, referred to as the indifferent stage of gonadal development, no morphologically distinct sex differences can be noticed in developing human gonads. One critical event in sex differentiation is the determination of the gonads. This developmental phase establishes the hormonal dimorphism which, in turn, has a major impact on several later events of the male as well as female paths. This review will deal with differentiation of the male gonad covering its maturation from its first appearance to the pubertal activation. Recent discoveries added to increase the knowledge of testicular ontogenesis together with the growing list of genes involved in this process will be presented and discussed.
The Primitive Gonad
By day 32 post conception (pc), the gonadal anlagen can be recognised as paired bipotential structures in the developing human embryo. They are situated at the ventromedial surface of the mesonephros and appear from the mesoderm by contributions from somatic mesenchymal cells from the mesonephros and epithelial cells migrating from the coelomic surface of the gonadal ridge. As mentioned before, no sexual dimorphism can be distinguished morphologically at this stage of development. Primordial germ cells (PGCs), which become gonocytes later on, cannot be observed at this early time of gonadal formation [Shawlot and Behringer, 1995; Torres et al., 1995; Miyamoto et al., 1997; Birk et al., 2000; Failli et al., 2000; Park and Jamieson, 2005] . The temporal scale of the important early events of human gonadal differentiation is displayed in table 1 .
The mesonephros also constitutes the primordium of the adrenal glands and the urinary system. Disruption by gene targeting of any of several involved transcription factors (online supplementary table 1; see www. karger.com/doi/10.1159/000317090) during genital ridge development results at all times in severely affected phenotypes with multiple malformations of the urogenital tract, adrenals and other structures. Therefore, a number of peptide growth factors have been compromised in gonadal development from the indifferent gonadal anlagen, most notably the insulin-like growth factor (IGF) superfamily [Nef et al., 2003] . The formation of the urogenital ridge is mainly controlled by 2 transcriptional regulators: the tumour suppressor gene Wilms' tumourassociated gene-1 (WT1) and the orphan nuclear receptor steroidogenic factor-1 (SF1). WT1 is a DNA-and RNA-binding protein with transcriptional and posttranscriptional regulation capacity. It is expressed in gonadal stromal, coelomic epithelial cells and immature Sertoli cells, interacts with the cAMP-responsive element-binding protein CITED 2 and is regulated by 'paired box gene 2' (PAX2) (see online suppl. table 1). In rodents, disruption of Wt1 leads to lack of formation of kidneys, gonads and adrenals. Distinct but not identical phenotypes can be observed after WT1 loss-of-function (LOF) mutation in humans, resulting in pseudohermaphroditism and/or urogenital and other malformations in boys with WAGR, Deny-Drash or Frasier syndromes [Pritchard-Jones et al., 1990; Park and Jamieson, 2005 ; online suppl. table 1]. SF1 , expressed in gonadal ridges, is a transcriptional regulator of steroid hydrolases, gonadotropins and aromatase and involved in the stabilisation of intermediate mesoderm, follicle development and ovulation (online suppl. table 1). Additionally, SF1 regulates the anti-müllerian hormone (AMH), dosage-sensitive sex reversal-congenital adrenal hypoplasia critical region on the X-chromosome protein 1 (DAX1) and steroidogenic acute regulatory protein (StAR). These genes are expressed in the somatic testicular compartment and important for normal testicular cord formation, Leydig and Sertoli cell differentiation as well as the initial step of steroidogenesis (online suppl. table 1). Therefore, deletion of Sf1 in mice results in failure of gonadal and adrenal development, whereas the corresponding LOF mutation in humans has a less prominent gonadal phenotype and adrenal insufficiency [Biason-Lauber and Schoenle, 2000; Achermann et al., 2002; Park and Jamieson, 2005 ; online suppl. migration from yolk sac  28  4  Formation of gonadal ridge  32  5  PGCs reach gonadal ridge  37  10  Male sex determination  42  15  Leydig cells appear  55  30  Androgen, INSL3 detectable  63  40  Testicular descent (1st phase) 64 d pc = Days post conception; CRL = crown rump length ('sitting height'). 
Primordial Germ Cells
By the end of the 5th week pc of human embryonic development, 3 different lineages of somatic cell types with bipotential fate, dependent on their future paths (see below), are forming the gonadal anlagen. At this stage, immigrating PGCs are colonising the gonadal structures. After they have permanently been situated in the gonad, they are specified as gonocytes. The PGCs differentiate from epiblast-derived stem cells in the yolk sac. Due to their expression of molecular and cellular markers for pluripotency or early germ cells such as alkaline phosphatase, OCT3/4 and c-kit, they can be distinguished from other cells within the forming gonad (see also table 2 and online suppl. table 1). Guided by extracellular matrix proteins expressed along the dorsal mesentery of the hind gut, the PGCs migrate to the gonadal ridges. During this phase, PGCs exhibit active mitotic proliferation and have expanded in numbers while reaching the gonadal anlagen [Bendel-Stenzel et al., 1998; Wylie, 1999] . In the early testis shortly after determination, gonocytes will continue their mitotic proliferation and then become mitotically quiescent. They will not be recruited into meiosis until much later in time. The decision to enter into meiosis or not is thought to be governed by somatic cells in the male gonad since XY PGCs residing in an ovary follow the female path [McLaren and Southee, 1997] . However, meiotic entry might also be activated by mechanisms intrinsic to germ cells [Morelli and Cohen, 2005] . In males, the absence of germ cells still allows differentiation of somatic cells including Leydig cells with steroidogenic activity. Affected males will undergo pubertal development but are infertile due to a Sertoli-cell-only syndrome.
Somatic Cell Lineages in the Male Gonad
At the end of the 6th week pc of human embryonic development, the indifferent gonad consists of 4 different cells lineages, including gonocytes, with predefined maturational paths dependent on the sex. The crucial somatic cell lineages are Sertoli cells, Leydig cells and peritubular cells. Failure of differentiation and function of any of PGC = Primordial germ cells; G = gonocytes; Spg = spermatogonia; Spc = spermatocytes; rSpd = round spermatids; eSpd = elongated spermatids; GC = germ cells; uSpg = undifferentiated spermatogonia; Spd = spermatids. these lineages will result in severe phenotypes with respect to adult gonadal function and fertility.
Sertoli Cells
Sertoli cells are crucial for testicular histogenesis and future function. In the adult testis, the Sertoli cells are nurse cells for spermatogenesis, creating niches for differentiation of spermatogonial stem cells and providing structural support, nutrients and growth factors for the developing germ cells. Due to the fact that the sperm output in the adult testis is related to the number of Sertoli cells, the control of Sertoli cell proliferation in the developing testis is crucial for future production of male germ cells [Petersen and Söder, 2006] . Pituitary follicle stimulating hormone (FSH) and its receptor (FSHR) are important factors for Sertoli cells development. Functional impairments of the FSHR result in reduced fertility, a reduction of Sertoli cell numbers and, therefore, a reduction of testicular size combined with a reduction in circulating testosterone levels [Huhtaniemi et al., 1987; Simoni et al., 1997; Krishnamurthy et al., 2001; O'Shaughnessy et al., 2007a ; online suppl. table 1]. Nevertheless, during the first phase of Sertoli cell differentiation and proliferation, the fetal hypothalamic-pituitary-gonadal (HPG) axis is not yet operative and FSH is not available [Söder, 2007] . Therefore, other growth factors are considered to control the early phase of Sertoli cell proliferation [Petersen et al., 2001 [Petersen et al., , 2002 Petersen and Söder, 2006] . Sertoli cell differentiation and proliferation are important first steps of male sex determination and are controlled by several genes (for details see online suppl. table 1). Therefore, they are exposed targets for disruptive actions of endogenous factors and xenobiotics such as inflammatory mediators and endocrine disrupting compounds (EDCs) [Petersen et al., 2002 [Petersen et al., , 2004 Petersen and Söder, 2006; Söder, 2007] .
Pre-Sertoli cells are first defined as cells of the supporting lineage expressing the sex determining region on the Y (SRY) chromosome. After SRY expression, the SRY related HMG box 9 (SOX9) , a gene with predominantly testis promoting activity, is expressed by Sertoli cells and leads to an upregulation of AHM , fibroblast growth factor 9 (FGF9) and prostaglandin D2 (PGD2) (for details see online suppl. table 1). These genes are affecting the differentiation of the reproductive tract and therefore defining male sex determination. This process is rapidly followed by morphological changes in the primitive gonad thus adopting testicular features such as formation of testicular cords.
Leydig Cells
Leydig cells constitute another crucial testicular cell lineage in the developing male. They originate from steroidogenic precursor cells immigrating from the coelomic epithelium and the mesonephric mesenchyme to colonise the indifferent gonad [Merchant-Larios and Moreno-Mendoza, 1998; Schmahl et al., 2000; O'Shaughnessy et al. , 2006] . At week 7 pc of human development, they start to differentiate. The differentiation and proliferation of functional Leydig cells is influenced by signals from Sertoli cells, as AMH, desert hedge hog (DHH) and FGF9 (for details see online suppl. table 1) [Clark et al. , 2000; Colvin et al. , 2001a] .
Leydig cells may be classified into 3 different subtypes according to their morphological and maturational stage of development. The development and function of human fetal-type and the adult-type Leydig cells were discussed recently in a review by our group [Svechnikov et al., 2010] . The first Leydig cell type to appear after testis determination is the fetal type. It shows a different steroidogenic pattern and regulation as compared with the immature-type and the adult-type Leydig cells. Both other Leydig cell types appear postnatal before puberty and in adults after completed pubertal development, respectively [Ge et al., 1996; Colvin et al., 2001a] . At the 8th week of human gestation, fetal-type Leydig cells start to produce testosterone and other androgens [Svechnikov et al., 2010] . Initially they are regulated by the placental human chorionic gonadotropin (hCG), which shares on Leydig cells signalling receptors with pituitary LH. However, this latter hormone appears much later in development when the HPG axis becomes established in the beginning of the 2nd trimester of human pregnancy. At mid-gestation they may constitute 40% of the total testicular cell mass. Leydig cells are situated in the interstitial tissue compartment of the testis and increase their number during the first 2-3 months after birth [Svechnikov et al., 2010] .
Additionally to testosterone, a crucial hormone for differentiation of male external and internal genitalia, Leydig cells also produce SF1 necessary for steroidogenesis [Achermann et al., 2002] and insulin-like factor-3 (INSL3) (online suppl. table 1). INSL3 and its receptor RXFP2, together with androgens and AMH are involved in the process of testicular descent (online suppl. table 1). The first transabdominal phase of testicular descent occurs in human fetuses during week 8-16. Even if LOF mutations affecting INSL3 or RXFP2 result in cryptorchidism, it remains a rare cause of this common malformation in boys [Ivell and Hartung, 2003; Ferlin et al., 2006 ; online suppl. table 1]. In addition to its important role behind testicular descent, INSL3 seems to have other functions as a paracrine mediator in the male gonad and may also serve as a useful differentiation marker of Leydig cells in clinical practice [Ferlin et al., 2006] .
As discussed already in a recent review of our group [Söder, 2007] , adrenocortical and gonadal steroidogenic cells seem to share embryonic origin in the coelomic epithelium and may exist as one lineage before divergence into the gonadal and adrenocortical paths [Mesiano and Jaffe, 1997] . In line with this, adrenocorticotropic hormone (ACTH) has been implicated as a regulatory factor for fetal Leydig cells expressing ACTH receptors in the early phase of gonadal differentiation. A common origin is also supported by the testicular adrenal rest tumours that are often found in male patients with congenital adrenal hyperplasia. These benign tumours are thought to be due to ACTH-driven expansion of adrenocortical or steroidogenic common precursor cells present in the testis [Stikkelbroeck et al. , 2001] , and, although much rarer, adrenal rest tumours have also been found in the ovary [Claahsen-van der Grinten et al. , 2006] .
In a similar way to Sertoli cells, Leydig cells represent an obvious target of disruptive actions of xenobiotics and EDCs [Söder, 2007] . In adult animals, these cells demonstrate a large regenerative capacity. Several growth factors have been implicated in Leydig cell regeneration and survival [Yan et al., 2000; Colón et al. , 2007] . If this regeneration is driven by the resident Leydig precursor cells is not yet clearly defined. A second possible hypothesis suggests that peritubular testis cells (see below) also represent a reserve pool of steroidogenic cells.
Peritubular Cells
Along the basal membrane of the seminiferous tubuli, peritubular cells (PTCs) are required for early histogenesis of the seminiferous cords. Together with the basal membrane and the Sertoli cells they form the blood-testis barrier and provide physical support for Sertoli cells. In the postpubertal testis, they may add contractile forces thought to be necessary for tubular fluid and sperm release. Via chemotactic signals from Sertoli cells, early PTCs and cells contributing to the vasculature of the testis migrate from the adjacent mesonephros [Cupp et al., 2003 ]. This migration process is an important step in sex determination and is SRY dependent. Normal SRY expression is related to GATA4 , a gene expressed also by PTCs. GATA4 also activates steroidogenic genes such as StAR , CYP11A , CYP17 , CYP19 , and HSD3B2 , which are mainly expressed in Leydig cells (online suppl. table 1). Considering this and the fact that they are highly proliferative cells, PTCs are demonstrating important features for normal testis development [Capel et al., 1999; Schmahl and Capel, 2003] , but their precise role in adult testicular function is still not known. Data accumulated lately indicate their possible role as a reserve or stem cell pool [Haider et al., 1995] and that they might be involved in the regeneration of Leydig cells after a disruptive injury.
Sex Determination
The undifferentiated gonadal anlagen in XY individuals show the first signs of testicular development at day 42 pc. This critical event is referred to as sex determination. As described above, it is related to the expression of the testis determining gene SRY , followed by expression of SOX9 (for details see online suppl. table 1). Gonocytes in the testis primordium proliferate rapidly by mitoses and subsequently become quiescent without entering meiosis. Morphogenesis of the testis is apparent when Sertoli cells supported by PTC form testicular cords, also hosting the gonocytes. The morphology of the testes remains stable until puberty when the cords are differentiated into seminiferous tubules at the beginning of spermatogenesis. Activation of the spermatogenic process results in an increase of the testicular volume; this observation is used as a clinical definition of the onset of puberty in boys. When looking at the tissue level, this is reflected by quantitative onset of meiotic activity of testicular germ cells and formation of a lumen shifting the seminiferous cords to tubules.
Testicular Descent
Function of the postpubertal testes is dependent on their scrotal position. The process of testicular descent consists of 2 phases: the first transabdominal phase of descent followed by the inguino-scrotal phase aiming to transfer the testes to a scrotal position. The first phase starts soon after testis determination and differentiation of Leydig cells and guides the testis from a position in the upper abdomen to the inner opening of the guinal channel in the pelvic part of the abdomen. After week 18 of gestation, the testes with the epididymis and the proximal part of vas deferens finally move through the inguinal canal. During the final 2 months of pregnancy before birth, the testes usually have a scrotal position. Approximately 3-4% of newborn boys suffer from uni-or bilateral undescended testes, which results in adverse effects on germ cell maturation ( fig. 2 a-d) [John Radcliffe Hospital Cryptorchidism Study Group, 1992; Berkowitz et al., 1993] . However, recent prospective data show large regional differences with figures as high as 9% in Denmark compared with 2.4% in Finland [Boisen et al., 2004] . Undescended testes can be grouped into 4 groups with respect to their location: (a) cryptorchidism: the testes are located proximal to the inguinal channel (intra-abdominally or retroperitoneally) and cannot be seen or palpated; (b) inguinal testes: testes are located within the inguinal channel and cannot be moved; (c) retractile testes: testes can be pushed into the scrotum but return back into the inguinal channel afterwards, and (d) testicular ectopy: the testes are located outside the normal route of descent, e.g. in the groin or femoral. In 75% of these cases, the testes descend within the first 3 months after birth [Berkowitz et al., 1993; Cortes et al., 2008] . However, 1% or more of the boys still have cryptorchid testes at the age of 12 months. These patients require treatment during early childhood to minimise the risk of infertility and of testicular germ cell tumour development later in life [Kollin et al., 2007] . During the last century, the influence of cryptorchidism on infertility, as well as on testicular cancer formation in adulthood, has been thoroughly investigated. Despite this fact, cryptorchidism-related long-term effects are not well defined so far [Wood et al., 2009 ] because of limited access to testicular material from these patients. Many genes as FGFR1 , WT1 , AR , ARX , INSL3 or HOXA13 , have been identified to be related to cryptorchidism (for details see online suppl. table 1) and high intra testicular testosterone is of importance for the 2nd phase of testicular descent.
Spermatogenesis requires an intact testicular environment with functional interactions between germ cells and somatic cells [for review see Sharpe, 1994; Wistuba et al., 2007] . In humans, these cellular interactions are established during the first months after birth, a process highly impaired in cryptorchid testes [Zivkovic et al., 2007] . Differentiation of gonocytes into type A spermatogonia within the first 6 months of postnatal life is essential for ongoing spermatogenic maturational processes and sperm production later in life and might be related to an increased testosterone production occurring during this time ('mini-puberty') [Forest et al., 1974; Hadziselimovic et al., 2001a, b; Zivkovic et al., 2007] .
The formation and fate of spermatogonia from prepubertal boys suffering from cryptorchidism has been investigated in testicular biopsies in several studies Wood et al., 2009] . There are indications that an increased testicular temperature might cause a disturbed formation of A dark spermatogonia which leads to infertility and/or testicular germ cell tumour development later in life [Hadziselimovic et al., 2001a, b] . However, it is still unclear if changes in germ cell proliferation and differentiation in cryptorchid testes are related to a disturbed somatic cell compartment or not.
Perinatal Events in Testicular Maturation
During the 3rd trimester of pregnancy, the fetal testes still produce large quantities of androgen but less than the peak activity at mid gestation. Closer to birth, at term age, the hormonal activity of the testes declines albeit being still clearly measurable. However, soon after birth in both sexes of primates, but best recognized in human males, the first few months are a period of high hormonal activity of the testes and the hypothalamic-pituitary axis [Grumbach, 2005] . The period is often referred to as the mini-puberty and characterised by a hormonal surge of gonadotropins and testosterone. This is associated with proliferation of Sertoli cells and some degree of germ cell development, i.e. transformation of gonocytes to Ad spermatogonia, at a time when gonadotropin, testosterone and inhibin B reach high levels. More detailed studies have shown that LH values begin to increase 2 weeks after birth and decline to prepubertal values by 1 year of age in both sexes. FSH values also begin to increase 2 weeks after birth and decline to prepubertal levels by 1 year of age in boys and 2 years of age in girls. In parallel, testosterone levels in boys often reach a peak of 10-15 nmol/l during the 2nd month of postnatal life but then decline to prepubertal low levels at 6 months of age [Forest et al. , 1975] . However, the bioavailability of these high androgen levels has been questioned since high levels of SHBG in early infant boys may result in less circulating free and available testosterone levels in this age group. The biological role of the 'mini-puberty' for future testicular and male reproductive function is unknown but it has been speculated that it may add to aspects of germ cell maturation and the development of male gender identity.
Prepubertal Maturation of the Testis
After the postnatal activation in early infancy the testes become relatively quiescent during childhood due to a constant inhibition of the prepubertal HPG axis by hypothalamic neuronal circuits.
During this period, lasting to the first signs of pubertal activation, commercial assays of sexual hormones rarely catch elevated hormonal levels. However, employing methods with ultrahigh sensitivity and specificity, enabling limits of quantification in the low picomolar level for estrogens and sub picomolar level for androgens, it has been demonstrated that explicitly these sex hormones are detectable in prepubertal boys and girls and show gender differences in children before the appearance of any clinical signs of puberty [Courant et al. , 2010] .
Pubertal Activation of the Testis
Start of puberty is defined by an increase of the testicular volume to 1 3ml, which is due to onset of spermatogenesis and production of large numbers of postmeiotic germ cells. Initially before this is evident, the number of mature Leydig cells increase and become activated, indicating that precursor cells (e.g. peritubularlike Leydig stem cells and perivascular cells) are being recruited for this purpose [Chemes et al. , 1985 [Chemes et al. , , 1992 Cigorraga et al, 1994] . These peritubular-like Leydig stem cells express platelet-derived growth factor receptor-␣ but not the LH receptor or steroidogenic enzymes [Ge et al., 2006] . After experimental ablation of Leydig cells with selective toxicants, peritubular spindle-shaped cells act as precursors of Leydig cells [Jackson et al., 1986; Teerds et al., 1988] . These peritubular cells are myoid in nature and express ␣ -actin at high levels, which can be used for their identification. Although such testicular cells are considered to be the immediate source of Leydig cells in postnatal humans, perivascular cells of the interstitial tissue, testicular macrophages and neural crest cells have also been proposed as precursor Leydig cells [Jackson et al., 1986; Schulze et al., 1987; Teerds et al., 1988] . The latter suggestion is based on several findings that human Leydig cells express a number of proteins typical for cells of neuronal origin. INSL3 not only controls the early phase of testicular descent during embryonic development, but is also expressed and secreted by adult-type human Leydig cells [Foresta et al., 2004] . Recently, the INSL3 concentration in the peripheral blood of men has been shown to decline continuously in a linear fashion between the ages of 35 and 80 years; a phenomenon that probably reflects a reduction in Leydig cell functionality with age [Anand-Ivell et al., 2006] . In contrast, onset of puberty in boys is associated with a significant rise in INSL3 levels [Wikstrom et al., 2006] .
Spermatogenesis
In quantitative terms, spermatogenesis starts at puberty and is reflected by a rapidly increasing testicular volume, constituting the most common first sign of puberty in boys. Spermatogenesis is divided into 3 distinct but linked processes: mitotic self-renewal proliferation of spermatogonia, meiotic division of primary spermatocytes and non-proliferative maturation of round spermatids to spermatozoa (spermiogenesis). To investigate and visualise the different stages of spermatogenesis immunohistochemical staining with specific markers is an excellent method (see a list of suitable markers for humans in table 2 ). This production of mature fertile spermatozoa as the product of a functional spermatogenesis includes proliferation and differentiation of male germ cells starting with undifferentiated spermatogonia, also known as spermatogonial stem cells (SSCs). In contrast to the situation in rodents, whose germ cell populations can be categorised as A single , A pair , A aligned , A1, A2, A3 and A4 [de Rooij and Grootegoed, 1998; de Rooij and Russell, 2000; Dettin et al. 2003 ], less different types of spermatogonia have been identified in primates: the A dark , the A pale , the A transition and several types of B spermatogonia [Clermont, 1969; Meistrich and van Beek, 1993; Zhengwei et al., 1997; Ehmcke et al., 2005] . Among these cell subtypes, A dark spermatogonia are considered as reserve stem cells. This spermatogonial cell subtype does not divide when spermatogenesis is intact, but starts proliferating upon severe testicular damage [van Alphen et al., 1988; Ehmcke et al., 2005] . The A pale spermatogonia divide during every spermatogenic cycle and provide either selfrenewing A pale spermatogonia or A transition . After the last mitotic divisions, primary spermatocytes which are derived from B-spermatogonia enter meiosis. The first meiotic division starts with a long prophase and can be subdivided into 5 different stages: leptotene, zygotene, pachytene, diplotene, and diakinesis. Diakinesis ends with the migration of the chromosomes to the metaphase plate during metaphase I. During anaphase I, homologous chromosomes are separated, followed by telophase I where 2 daughter cells (secondary spermatocytes) are formed, each containing 1 of the 2 chromosomes from the homologous pair of chromosomes. After a short interkinesis, the second meiotic division starts with the metaphase II, followed by anaphase II and telophase II, which finally results in the formation of round haploid spermatids.
The formation of elongated spermatids during spermiogenesis is divided into 4 phases: the Golgi phase, the cap phase, the acrosome phase, and the maturation phase. Throughout the last phase, the nucleus condenses, histones are replaced by protamines, the remaining cytoplasm becomes the cytoplasmic droplet, and the mitochondria form a ring around the base of the flagellum. After completion of spermiogenesis, the immotile not fully differentiated testicular spermatozoa are transported by the peristaltic activity of the peritubular cells together with fluid excreted by Sertoli cells through the seminiferous tubules into the rete testis before entering the epididymis for final maturation.
The duration of spermatogenesis and spermiogenesis takes approximately 34 days in mice and, including the proliferation of spermatogonia, around 74 days in humans [Oakberg, 1957; Clermont, 1963, 1964; Amann, 2008] . But 
